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GENERAL CONSIDERATIONS‘ CONCERNING METASTABLE SPECIES 
i 
i 

Guy Wa t e la  
Cover f3 ,,2 i L L I F -  

kBSTRACT. 
ions i n  excited s t a t e s  whose l i f e t imes  a r e  s u f f i c i e n t l y  
long  f o r  t h e i r  re turn t o  ground s t a t e s ,  u n d e r  laboratory 
condi t ions ,  by the ac t ion  of an outs ide  phenomenon (elec-  
t r i c  o r  magnetic f i e l d ,  c o l l i s i o n  w i t h  other p a r t i c l e s  o r  
the  w a l l s ) .  T h i s  l i t e r a t u r e  survey concerns t h e  metastable 
atoms which have been  most studied u p  to  now: He, Ne, H, 

T h e  metastable species a r e  atoms, molecules, o r  f 

-Hg, Ar, and Kr. 
i 
i 

- 3  

CHAPTER I .  FORMATION-PRODUCTION 

The metastable  spec ies  a r e  formed i n  gas discharges,  The medium is-com- 

metastable spec ies .  The p rope r t i e s  of metastable spec ies  i n  pulse  discharges 
have been involved i n  a l a rge  number of s tud ie s  (Chapter 111). 

- / 3 *  
- plex  and there’are  c o l l i s i o n s  with the  walls, atoms, e lec t rons ,  ions ,  and o the r  

The metastable spec ies  a r e  formed during bombardment of  a metal sur face  
by ions .  Oliphant (1929), Greene (1950) and Hagstrum (1961) have s tudied  the  

formation of  metastable  spec ies  by impact with ions o f  He, Ne, A r ,  H 

v a r i e t y  o f  sur faces  ( W ,  Mo, S i ,  Ge) , 

- I - + + +  
on a 

A c e r t a i n  number o f  ions are r e f l e c t e d  i n  the  form o f  ions,  the  r a t i o  
R i i  varying from 0.0004 t o  0.002, according t o  the  na ture  o f  t he  metal and 
independently of the  energy ( i n  the  range from 10 t o  1000 eV). Others a r e  r e -  
emitted i n  t h e  form o f  exc i ted  neutrons,  the  r a t i o  R i m  varying from the  value 
R i i  ( f o r  10 eV) t o  0.04 ( fo r  1000 eV) , The maximum value measured is about 

0 . 2  ( a t  1000 eV) f o r  the  transformation HZ -f Hem a t  sur face  ( l , l , l )  o f  a 
germanium c r y s t a l .  

Experimenters who wish t o  study the  p rope r t i e s  o f  metastable species  have 
I t  i s  therefore  

and very good 

t r i e d  t o  obta in  high d e n s i t i e s  o r  f l u x  and l e s s  complex media. 

absolutely necessary t o  use very pure gases ( impur i t ies  4. 

res idua l  vacua (< l o l o  mm Hg), and t o  bake the  enclosures  whose walls are 
sometimes gold p la ted .  

”Numbers i n  the  margin ind ica t e  pagination i n  the  foreign t e x t .  
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; .- Atoms of  gas are exc i ted  by e lec t rons .  The production of metastable 

spec ies  i s  charac te r ized  by the -va lue  of t he  e f f e c t i v e  cross  sec t ion  0 

f ined  by the  r e l a t ionsh ip  fM =t: 2 
spec ies  formed by the  e lec t ron  heam of i n t e n s i t y  I e ,  energy E ,  and which 
t r a v e l s  over a , length 2 i n  a medium of  dens i ty  n .  
n e t i c  f i e l d  we must t a k e  the  ac tua l  length.  

de- E ne, I being the  f l u x  of  metastable M 

In the  presence of  a mag- 

~ The d e n s i t i e s  obtained by t h i s  method a r e  o f  t h e  order  o f  lo1* metastable 

p a r t i c l e s  p e r  cni . Few ions are formed and by preventing the  emission of  
e lec t rons ,  t he re  remain only metastable p a r t i c l e s  and neutrons within the  

' enclosure.  

3 

I -  

E cxperimenxai aevices - measuremenr o r  o 

HELIUM DORRESTEIN rig421 SCHULZ 11957-591 HIGGINSON 11961-641 
n Deam u r  eieccruris, wnicn I> rnaue 
monokinetic by e lec t rodes  1, 2 ,  and 3 ,  

, i s  focused by a magnetic f i & l d  and 
t r ave r ses  a chambercontaining helium. 
The metastable p a r t i c l e s  formed a r e  
'destroyed when they s t r i k e  a metal wall 
where they a re  measured by secondary 

method (Chapter 11-2,  3 ) .  The e f f e c t i v e  
c ross_sec t ion  is  obtained by the  rela- 

(y i s  the  coe f f i c i en t  of  secondary e lec t ron  emission; 

r -  

lr target e lec t ron  emission o r  by some o the r  

t i onsh ip  @,= x,* 
YZOV!4- 

I G  i s  t h e  cor rec t ion  f a c t o r  due t o  the geometry of t h e  device) .  Holt  (1965) - / 5  
-4 uses an enclosure containing helium (2.10 

measures metastable spec ies  which are diffused by secondary e lec t ron  emission. 

The metastable  spec ies  2 S a r e  separated from spec ies  2 S through the  ac t ion  

mm Hg) and an e lec t ron  gun and 

3 1 

2 
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of an inhomogeneous magnetic f i e l d  (Chlpter 11-1). 
- 1  3 2 S from t h e  exc i ted  s t a t e s  2 P ,through the, ac t ion  of  an e l e c t r i c  f i e l d  (Chap- 

Holt d i s t i ngu i shes  the  

$ I i 
I 

Of  i"" t e r  I I - l ) . !  He  measured the  e f f e c t i v e  production cross  sec t ion  crE 
1 i metastable,  I spec ies  2 S only relativeSy.'c 'Title 

i 1 
I NEON HADEISHI (1962-1965) 

IF 
I_ 

e'_ - x. . 
- .  

t a r g e t  ..... I.r- . .  

- accel e r a t  i ng 
el e c t  rode .... 

. .  
oxide cathode .--.... 

4 gas J+ Hg). pump 
T h e  mercury ions formed 
neu t r a l i ze  the e lec t ron  
beam .. - . - - 

i The e lec t ron  gun i s  i n  t h e  enclosure 
which i s  devoid of  a magnetic f i e l d .  
The dens i ty  of  t h e  metastable M ,  i s  
measured by absorption o f  a beam of  l i g h t  
(Chapter 11-4). The number of metastable 

p a r t i c l e s  produced p e r  c m  p e r  second i s  3 
4 - - z. -.z ' $h , y being the  dens i ty  o f  AI 
se .e 
the  e l ec t ron  beam curren t  o f  cross  
sec t ion  S. The number o f  metastable 

p a r t i c l e s  which disappear p e r  em 
M second i s  equal t o  -J iJ being the  

. &  
l i f e t i m e  o f  t he  metastable,  and whtich 

is obtained from t h e  absorption curve. 

3 
per  

WEBB (1924) COULIETTE.(1928): used t h i s  method t o  produce 
l e s  3P0. 

HADEISHI (1965) produced metastables 3P by t h i s  method. 

2) Productlon of a Beam of Metastable P a r t i c l e s :  

a )  Beam Obtained by Diffusion 

2 

3, 
The metastable p a r t i c l e s  formed e i t h e r  by 

discharge o r  by e l ec t ron  bombardment d i f fuse  
through a ho le  p ie rced  i n  t he  wall. Electrodes 1, 

beam. This method produces a beam'of metastable 
spec ies  having thermal energy, bu t  with the  draw- 
back o f  super imposing upon it a beam o f  photons 
and neutrons.  

. 2 ,  and 3 e l imina te  the  i.ons and col l imate  the  

Experimental devices and r e s u l t s :  

3 



7 
: t h e  metastable species  a r e  formed i n  a Wood's discharge,  a method I 
by Lamb (1950), 'hut not used. 

STEBBIYG (1957) used a hot  cathode disyharge 1 
100 vol tsb 180 mA). The r e su  diameter of  0.2 mm and 'a density; 

o f  2.10 p/cm . F i t e  (1963) ency discharge.  Muschlitz (1960- 
2-63-64-65) and Holt (1965) use a gas bombarded with e l ec t rons .  

, ----------------- 

I 
10 I 3 1 I 

I 

I I 

f i  

t a rge t  

i 

I I 
i 

. .  
NEON 

I I 

! 

1 Hasted (1959) uses a hot  cathode d i s -  1 
1 charge. 

I_ i F i t e  (1963) uses a high frequency 
9 

, discharge.  

I 
e 

a t  r i g h t  angles. As i n  t h e  case o f  
1 -- 
1 -  
the bombardment of  a gas,  the  production of metastable species  i s , c h a r a c t e r i z e d  1 .  

by the e f f e c t i v e  cross sec t ion  O~ defined by the  r e l a t ionsh ip  ' 5: M x 2b--Z,. e: 

m ' * F ( K i e f f e r ) .  E i s  the  r e l a t i v e  energy and F-'is '  a f a c t o r  . .- charac- 
45% 

t e r i z i n g  the  in t e r sec t ion  of  t h e  beams (F = J3Qbi ".'"-'!$L.- Ydq),&&i being 
JJ&id& JJ& 4.d. ~ 

t h e  space d i s t r i b u t i o n  funct ions o f  e lec t ron  and ion beams i n  the  z d i rec t ion ) .  

s I f  t h e  beams a r e  homogeneous and i f  

4 -  c &/ %. 
Experimenters p r e f e r  t o  measure the  exc i t a t ion  funct ion,  t h a t  i s ,  the  

number of metastable p a r t i c l e s  formed as a funct ion o f  t he  energy of the  e lec-  
t rons ,  t h e  o t h e r  parameters remaining constant .  By normalizing t h i s  funct ion,  
d i r e c t l y  o r  i n d i r e c t l y ,  with a theo re t i ca l  value,  they obtained the  e f f e c t i v e  
cross  sec t ion .  

% 
. *  - . <  - J& 5"$ T & L $  &=fcty. 

4 
i I -  

In  o rde r  t o  measure t h i s  funct ion account must be taken of  t he  following: 

1)  the  va r i a t ion  o f  space charge as a funct ion of e l ec t ron  energy, which 
can modify t h e  value of Ie, Lamb assumes the  law f o r  laminar e l ec t ron  beams 



1 
2) production of high l e v e l  exc i ted  s t a t e s  by high energy e l ec t rons  t h a t  j 

1' --_ _------- ______--)1-~_^- 

~ . - - __. ~ - ._____I - - 

j 
I 

may produce metastable p a r t i c l  r e t u r n  i n  cascades (Stebbing), 

3) v a r i a t i o n  i n  d i r e c t i o n  under impact of electrons.;  The 
change i n  d i r e c t i o n  of  the, atom 
l a t i o n  of  t he  angles of dqviation 
s ince  t h e  beam o f  atoms was not  

l ec t rons  have s u f f i c i e n t  ener  
t which the  themal .  energy is  
as made by Lamb and Stebbing 
onokinetic,  t h i s  devia t ion  caused a spread of metastable products. 

L- 
' 
1 

i 

Experimental devices and r e s u l t s .  
i 

LAMB (1950), HEBERIE (1956), LICHTEN (1959) ! I 
The atom beam is obtained by means of  a furnace. The e l ec t ron  beam i s  

riaminar (Haeff). 
; e l e c t r o n  emission and ac t ion  o f  an e l e c t r i c  f i e l d  (Chapter 11-1). 
'measured t h e  e x c i t a t i o n  func t ion  i n  a r b i t r a r y  u n i t s .  Lichten normalizes by 
$means o f  Born's approximation f o r  e l ec t rons  of 40 e l ec t ron  v o l t s .  
f a n  absolu te  value f o r  11.7 e l e c t r o n  v o l t s  (Figure 1-7) .  

Measurement o f  t he  metastable products is made by secondary 
Lamb has 

He gives 

Stebbing (1960). The atom beam i s  emitted from a furnace, while t h e  
e l ec t ron  gun i s  conventional. 
o f  production of metastable u2s t o  those o f  exc i t ed  s t a t e s  u2p . 
beam i s  time modulated i n  order  t o  e l imina te  the  reac t ions  of  e l ec t rons  with 
t h e  r e s idua l  vpcum. 
a pho tonswhi l e the  2 5  metastable p a r t i c l e s  a r e  measured by t h e  ac t ion  of an 
e l e c t r i c  f i e l d  (Chapter 11-1). 

by normalizing t o  Born's approximation f o r  e l e c t r o n  of  400 eV. 

of  t h e  r a t i o  G /u  Stebbing obtained t h e  value u (E)(Figure 1-8). 

I t  measures t h e  r a t i o  of e f f e c t i v e  c ross  sec t ions  
The atom 

The exc i t ed  s t a t e s  2P a r e  measured by emission of  Lyman 

The e f f e c t i v e  c ross  s e c t i o n  a2P is  obtained 

Using t h e  value 

2s 2 ~ 5  2s 

Lichten (1961), c r i t i q u e s  t h e  method used by Stebbing t o  measure t h e  
number of  metastable products (Chapter 11-4) and supp l i e s  'a cor rec t ion  f a c t o r  
t h a t  reconci les  Stebbing' s r e s u l t s  with h i s .  

Hummer (1961), c r i t i q u e s  t h e  normalization used by Lichten (1959) and 
normalizes Lichten r e s u l t s  with those o f  Stebbing's cor rec ted  by Lichten (Fig- 
ures  1-9) .  

Lichten (1960), using an apparatus i d e n t i c a l  t o  t h a t  used i n  1959 f o r  
hydrogen, measures t h e  e x c i t a t i o n  function f o r  t h e  production of  3P2 i n  a rb i ?  
t r a r y  u n i t s .  
emission (Figures 1-10).  

The metastable p a r t i c l e s  a r e  de tec ted  by secondary e l ec t ron  

c) Beam Obtained by "Charge Exchange" React i o n  

O+ + x 3 om -f- x+ 

5 



I 1 - 
- the neutron formed may be i n  an exc i ted  s t a t e .  The e f f e c t i v e  sec t ion  f o r  a 
p r o c e s s  of  charge exchange ( a l l  exc i t a t ion )  has been s tudied  t h e o r e t i c a l l y  
-by Bates (1953), Hasted (1960-64), Massey (1949-52), and Cheshjre (1965). 
The  e f f e c t i v e  c ross  *section is  
-energy of  :he two members of  t 
p o t e n t i a l  of t he  t a r g e t  par t ic is?  i s  low. 

par t ic le  u n t i l  = a AE/h [a i s  the-domain o f  act ion of  atoms ( f o r  helium 

-a = 2.10 cm) d decreases slowly. In t h e  e of  resonance, AE = 0, t he  
-effective cross  sec t ion  decreases slowly when 

I_ .Experiment i nves t iga t ions  and r e s u l t s ,  

A beam o f  ions passes  through a gas.  There is  .an exchange o f  charge and 

i 
i 
i 

ge $en . the  d i f fe rence  AE o f  t he  i n t e r n a l  
eact ion is small and when the  ion iza t ion  

2 I ., j .% i 
I For a given va of  AE, t he  effec- 

-tive cross s e c  increases  rap id ly  with r e l a t i v e  speed f the  inc ident  , : 

-8 .L 

\ 

I 
___ 

HYDROGEN 
. -  

Nadansky (1959) uses  t h i s  method t o  produce a beam o f  polar ized  protons 

Cristofori (1962-63) measures the  exc i t a t ion  funct ion f o r  t he  production 

from metastable  HZS. 

of  metastable  H2S by passage o f  a proton beam (7 t o  40 KeV) through hydrogen 
and helium. H e  normalizes t o  the  approximation by Born fo r  an energy o f  40 KeV 

. t  (Figures 1-11). f 

' 
Donnally (1964) measures the  e f f e c t i v e  c ross  sec t ion  of production o f  

metastables  H2S by passing a proton beam (0.2 t o  3 KeV) through a thermical ly  
energized cesium atom beam. The cesium i s  chosen f o r  i t s  low ioniza t ion  po- 

t e n t i a l ,  3.89 e l ec t ron  v o l t s ,  which r e s u l t s  i n  a reac t ion  HI + C s  +- HZS + C s  

(AE = 0.49) t h a t  is  c lose  t o  resonance (Figures 1-12).  

+ + 

Jaecks (1965) measures the  exc i t a t ion  funct ion f o r  producing H2S meta- 
' , s t a b l e  p a r t i c l e s  by passing a beam of  protons and molecular hydrogen ions 

through d i f f e r e n t  gases ( A r ,  X e ,  H e ,  Ne). 

Process (1) is  the.most probable f o r  helium no matter  what t he  energy of 

hydrogen ions may be.  Process (2) i s  the  most probable f o r  Ne, A r ,  Xe with 
with high energy ions.  

+ + 
H 2 + X + H  2s + H + X  (-1) 

+ + 
H2 + X + H2S + H + X (2) 

Jaecks measures t h e  number o f  exc i ted  (2P) atoms formed a t  the  same time as the 
2s metastable  p a r t i c l e s  by means o f  t h e i r  spontaneous emission o f  Lyman protons,  
t hen lhe  measures t h e  t o t a l  number.of s t a t e s  2P and 25 by destroying the  ZS 
types by means o f  an e l e c t r i c  f i e l d  (Chapter 11-1). Knowing t h e  e f f e c t i v e  
c ross  sec t ion  o f  production of the  2P exc i ted  s t a t e  (Pre tzer ) ,  then deduces 0 2s. 

6 
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a r n e t t  (1958),, while s t  
'(20 t o  250; KeV) p-asshg throu 

-s table  Hemj f o r  helium and ne0 
t h e  dimensions o f  t he  enclosures) .  

t I-" I I 

He made no measurements. 

1.- Lorentz (1965) measures the  e f f e c t i v e  c ross  sec t ions  o f  charge exchange : 

-_ f o r  He+ ions (15 t o  1500 ev) passing through vapors of  C s  and Rb. These effec: 

- t ive  c ross  sec t ions  are la rge  (10 cm ) .  Lorentz assumes t h a t  t he  helium 3 
-atom formed i s  i n  an exc i t ed  o r  metastable s ta te  which makes t h e  reac t ion  a l -  
most a resonant one, 

c 
-14 2 i 

j 
1 i 

i 
t : 

I 
I 1 

i 

Lorentz (1965) measures the  e f f ec t ive  c ross  sec t ions  f o r  charge exchange 
+ 

fo r  A r  ions t r ave r s ing  C s  and Rb. vapo'rs. As i n  t h e  case of  helium, the  argon 
iatom formed is  assumed t o  be i n  an exc i ted  o r  metastable s t a t e .  

I 

.. .. 

. .  

. .  

-. 

I 
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Apparatus used by Lamb and .Lichten 
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Normalization to 
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Figure 1-7 (LIGHTEN) Figure 1-8 (STEBB I NG) 

9 



t MERCURY 
I 

Born's 1st approximation 
Born's 2nd approximation 

.Experimental values 

electron energy 
- 

Figure 1'9 (HUMMER) 
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to Born's approximation 
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I 
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L 

F i g u  re I - 10 ( L  I CHTEN-DERMOTT) 

Figure 1 - 1  1 ( C R I S T O F O R I )  F i gu re I - 1 2 (DONMALLY) 
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It: 

a- l o  2-a Kev 
proton energy H,+ 

~ - _ _ _  

Figure 1-13.  ( J A E C K S )  , 

8 

CHAPTER I I - DETECT I ON 

s .ID 1 5  2 15 Keu 
proton energy H2- 4. 

Figure I - 14 (JAECKS) 

Certain p rope r t i e s  of metastable spec ies  a r e  used t o  de t ec t  them and 
measure t h e i r  dens i ty  o r  f lux .  

1 )  Action of an E l e c t r i c  o r  Magnetic Field 

HYDROGEN 

The l i f e t ime  of  type H2S metastable species  which a re  placed i n  an e l e c t r i c  
or magnetic f i e l d  depends on t h e  value of  t h i s  f i e l d .  
passes i n t o  the  2P exci ted  s t a t e  which re turns  t o  the  fundamental s t a t e  by 
emi t t ing  a Lyman c1 photon t h a t  is  detected by a counter.  

The metastable spec ies  

This phenomenon has been s tud ied  t h e o r e t i c a l l y  by Luder (Figure 11-1, II- 
2) and Bethe. 
values o f  f i e l d  from 100 t o  1000 volts/cm. Zernik s tud ie s  the  ac t ion  of a 
high frequency e lectr ic  f i e l d .  

I t  has been s tudied  experimentally by S e l l i n  and Jaeck f o r  t he  

Experimental apparatus:  

This  method is  used t o  measure the  f lux  of  metastable species  H2S. The 
beam passes  through an e l e c t r i c  f i e l d  while a l i g h t  p a r t i c l e  counter (F i t e ,  
1958) measures the  amount of  l i g h t  emitted over  a c e r t a i n  s o l i d  angle. A l l  of  
the  metastable  spec ies  a re  destroyed when t h e  s igna l  measured is  independent 

11 
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7- I t  is  necessary: 
I 

I__ _-__-I _I- 

e of  f i e l d .  

e r  allowing the  Lyman'$ ray  t o  pass.  
s passed between Two windows of  L I F ) .  

o r  measure'th.e> emission of  Lyman c1 rays which a r  
uct ion of metastable species  (presence of 

(In, general ,  it i s  

k P O T  Isy T 2 - 1  - T f c I p  
not  

e lec t ron  c o l l i s i o n  with r e s idua l  gas o r  wal ls ,  e t c .  j . 
3) To know the  space d i s t r i b u t i o n  function of t he  emitted 

order  t o  obtain t h e  emission throughout a l l  space based on the  
f o r  a ce r t a in  s o l i d  angle.  1 

i 

I excited s t a t e s ,  

4 
rad ia t ion  i n  i 
measurement made / 12 

i -  

1- Lichten (1959) assumes an i s o t r o p i c  d i s t r i b u t i o n .  Stebbing (1960) con- 
i -s iders  t h a t  the  d i s t r i b u t i o n  is  not  i so t rop ic .  Using the  measurement made 

in  a d i r ec t ion  perpendicular t o  the  e l e c t r i c  f i e l d  O ~ ~ L ,  he deduces oZs  by 

Imeans o f  t h e  r e l a t ionsh ip  o = 2/3 090. . 
TStebbing's hypothesis and r ees t ab l i shes  the  3/2 f a c t o r  t o  compare h i s  r e s u l t s  
; t o  those o f  Stebbing. Jaecks (1965) assumes an i s o t r o p i c  d i s t r ibu t ion .  
i c r i s t o f o r i  and Donnally have a l so  used t h i s  method. 
1 .  

L- I 

Lichten (1962) does not assume 2s 
I 

In s p i t e  of t he  precautions taken, t h a t  i s ,  nonref lec t ing  gold p l a t ed  L.. 

walls, baking, and focusing of  e lec t rons  by means o f  a magnetic f i e l d ,  there  
i s  a s igna l  prksent even i n  the  absence of  an e l e c t r i c  f i e l d  which cons t i tu tes  
a systematic  e r r o r  for t h e  absolute  measurements. 

Jaecks (1965) evaluates  these  e r r o r s  by replacing the  proton beam by a 
beam o f  helium ions and f inds  t h a t  t h e  observed s igna l  produces a systematic 
e r r o r  

HELIUM 

. H o l t z  u t i l i z e s  a s t rong  e l e c t r i c  f i e l d  (340,000 V/cm) t o  take the  2's 
metastable species  t o  the  exc i ted  s t a t e  2 ' P .  

Action o f  a nonhomogeneous magnetic f i e l d :  

An atom with a magnetic moment u which is placed i n  a magnetic f i e l d  H, 
-t 3 

3 
undergoes a va r i a t ion  i n  energy Aw = p H, H being t h e  component of i-1 i n  t he  

d i r ec t ion  H .  
?J H i s  homogeneous, 

I t  i s - a c t e d  on by a force % . - L < 3 $ ~ ~ ~ : - ~ ~ w a * b  I f  t h e  f i e l d  

=o , t h e  force i s  zero. , I f  the  f i e l d  i s  
2 2 -  2 v  

not  homogeneous, it has t h e  following components: Fx' Fy, FZ. 

For an exci ted atom 

(Born's magnetron) 



-I__---_ 

--lE 
f o r  t he  s t a t e  
f o r  t h e  s ta te  I f o r  t h e  s t a t e  

Mg is given by Fraser -I----”---- . . 
Page Onc T i t l e  I f o r  t h e  s t a t e  

f o r  t h e  state 
f o r  t h e  s t a t e  Cover Pa,e T i t  

nhomogenebus f 
3 1 i i spec ies  of helium 2 S which has a magnetic moment from t h e  2 S type which 

u s c h l i t z  and Holt have 

I es not have i t .  
I 

‘ ‘HYDROGEN 
/ 1 4  .i.- . _ _  .- _ -  - 

HZLs 

(set)- 
Average 1 i f e t  ime - _  

-9 
10 

I 

Theore t i ca 1 curve (Luder) 
experimental ~ O I n t s  

I .  

e d e c t r i c  f i e l d  . .  _ .  

F i g u r e  1 1 - 1  (JAECKS) 

photcrelectric cell 

f i 1 ter. 
e 1 e c  t ron beam. 

magnet i c (st; ~ Q U S  

f i e l d  

: focused by a .  - 

i / 

magnetic f i e l d  

F i g u r e  11-2 (LAMB) 

Dhotoelectric c e l i -  (uv )  . -  

gas 

Jaeck’s  apparatus modulation of beam of hydrogen atoms 
S t e b b  i ng ’ s apparatus 

F i g u r e  11-3 Figure 11-4 
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character ized by the  coe f f i c i en t  yM which 

\-taken of emission of  e lec t rons  by protons which a re  general ly  present  at the  
, 1 same time. This can occur: 

1) by placing a t h i n  f i l m  of 
'I tI 

1 . 1  

'113 1. 
r en t  collodion i n  the  path of  t he  

1. .  
;'magnetic f i e l d ,  ' 1 

4 i 

follow t h e  modulation). ! 

- _  

2) by de f l ec t ing  c e r t a i n  metastable species  by means of  an inhomogeneous 

f 

I 
3) by rap id  modulation o f  t h e  metastable p a r t i c l e s  (so t h a t  the  photons 

I 

I I. 

Value of  experimental equipment and r e s u l t s .  

T HELIUM He 23 S He  2 l  S 

3 Dorrestein (1938) gives t h e  first absolute  values f o r  P t  yM(2 S) = 0.24, 
1 and yM(2 S) = 0.48. These r e s u l t s  a r e  contested l a t e r  on, 

3 ' . , C ' n h , t l o  f l Q C 7 \  +Ln . r n l r r a  .,, f 3  Cl = n 3Q C n r  rrnlrl 9 r r n r r l ; n m  e n  Ctnhh- 

/16 
3 Stebbing (1957) and Hasted (1959) measure yM(2 S) f o r  Au, Mo, W, P t ,  

L_ 

ade f o r  Au. A beam of  metastable p a r t i c l e s  passes through a 
ikes  a gold tar'get. 
, ,being the  metastable f lux  and e the  charge on t h e  e lec t ron .  

The e lec t ron  current  is measured as 

r 1'1 

uced i n t o  the  chamber. A c e r t a i n  number of  metastable 
+ 

-+ He + A r  + e (Chapter 111) 
The number of metastable species  



1: 

I i ,  i s  given as t h e  V a l  

measurements, Stebbing 

I-s -i=,(,(I~ - 1') e ,  where y~;. M 

7 

thaQ o r  Z3S and 2 

L I 
1 

I-- 

10 
I 

I 
Mo 0.19 I 0.11 15 1 t- 

i- -. 
t" - w 0.19 

. c  
3 

P t  0.25 *?!I + 

i' . 

I 
f 

Au  0.29 k 0.03 
I 

* These values correspond t o  sur faces  cleaned e l e c t r o n i c a l l y .  

tends toward y- 

y ' rap id ly  M 
i 

ki' 

Muschlitz was lead  t o  measure the  r a t i o  (y, and y3 a r e  the  
-,e 1 

' 1  3 c o e f f i c i e n t s  o f  He2 S and 2 S ) .  I ,  and I, are t h e  values of metastable f lux  
i 3 1 3 ,He2 S and 2 S formed by d i f fus ion  of a gas t h a t  is  bombarded with e l ec t rons  

,Chapter 1-1).  
y1/y3 = 2 given by Dorrestein,  

and Phelps, he took y /y.  - 1 .  

In 1960, Muschlitz used t h e  r a t i o  xl[x3 given by Phelps and 
In 1962, following observat ions by Stebbing , 

In 1964 and 1965 he measured t h e  r a t i o  1 3  
y T /y T 

HYDROGEN , H2S 

and t h e  r a t i o  Il/13. 
- . -  . 1 1  3 3  

In  1950, Lamb expressed doubts about this 'method of de tec t ion  by poin t -  
ing  out t h a t  3.4 ev were enough t o  ionize H2S (10.2 eV). Therefore, it should 
e a matter o f  i on iza t ion  of  t h e  metastable spec ies  (case 4 > E . )  r a t h e r  than 

x t r a c t i o n  o f  an e l ec t ron  from t h e  surface.  Nevertheless,  he uses a value of  
.5 f o r  yM f o r  platinum ( t h e o r e t i c a l  maximum value) i n  h i s  prel iminary calcu- 

H e  a l s o  assumes ( i n  1953) t h a t  yM j-2 the  

ame f o r  P t ,  W and Z r .  

1 

l a t i o n s  and then cor rec ted  by 1/80. 

15 
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, e l e c t r o n  ene 

30 e V /  

50 e V  

140 e V  

n o t  give the  value of  y 

P t .  
an- e l e c t r i c  f i e l d .  The secondary e l ec t rons  formed come only from the  impact 
o f  t h e  Lyman a photons emitted whose c o e f f i c i e n t  yp is  known (0.018 .t 0.005) .  

Taking i n t o  account t h e  geometry o f  the  apparatus,  Lichten deduces t h e  value 

Lichten (1959) measures the  c o e f f i c i e n t  yM f o r  

The method cons i s t s  o f  destroying t h e  metastable spec ies  by means of  
M' 

I I 
= 0.065 2 0.025. yM 

NEON-MERCURY-ARGON 1 t 
I 

Hasted (1959) (Neon), Lichten (1960), Sonkin, Webb, Coul ie t te ,  Messanger 
(Mercury), and Muschlitz (1963) (Argon) used secondary e l ec t ron  emission t o  
measure t h e  metastable spec ies  of  neon, mercury, and argon. Unfortunately 

. ? t h e y  do not  give the  value of t he  coe f f i c i en t  yM used. 
! 

Molnar (Argon) evaluates  y a t  0.023 f o r  Ta and 0.065 f o r  Mo. 

-, , 
..".--- "_IC_. - M 

rement of theNurflber of Electrons tha't Lose Energy Q.gl4a-A /-? TT/  b I i 

During t h e  production of heated metastable p a r t i c l e s  by e l ec t ron  bombard- 
ment, energy is taken from the  e l ec t ron .  
e l ec t rons  w i l l  give the  number o f  metastable p a r t i c l e s ,  formed. 

HELIUM 

Measurement of  t he  number of  these  

t 

Schulz (1959) has compared the  r e s u l t s  obtained by t h i s  method t o  those 
furnished by secondary e l ec t ron  emission by impact of metastable p a r t i c l e s  
on a metal surface.  
Iyl .  Only t h e  e lec t rodes  in s ide  the  c o l l i s i o n  chamber have been modified i n  
such a way t h a t  t he  e l ec t ron  which has l o s t  energy E i n  t h e  i n e l a s t i c  c o l l i -  

s ion  with an atom can not  leave t h e  chamber and is captured by the  anode M. 
An improved device cons is t ing  o f  two e l e c t r o s t a t i c  analyzers a t  127" was used 
by Schulz f o r  t he  inves t iga t ion  o f  exc i ted  states,  but  no t  f o r  the  formation 
o f  metastable  spec ies .  

The experimental apparatus is  the  same as t h a t  i n  Chapter 

m 

16 



measurements 
measurements of  e l ec t rons  lo s ing  energy 

, 
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5 

PO 

ies presknt ' i n  a gas may be deduced from 
-the measurement of t h e  absorption o f  a l i g h t  r ay  o f  a c e r t a i n  wave length.  
--The value i f  thi<wa$e length t a s t a b l e  spec ies  and on t h e  
-ine,asuring method used. For ex hod uses a P.M., we must f i n d  
-a compromise between the  value n c o e f f i c i e n t  of t h e  ray and 
--the spec t ro  response o f  t h e  P.M. 

- 
I - 

The absorption A i s  given by t h e  r e l a t ionsh ip  A = 1 - t ransmi t ted  rad ia?  
-t ion/incident r ad ia t ion .  ! 
-._ I 

(Mi t tche l l  pp. 118-322) 

1-1 being t h e  th ickness  of  t h e  s e c t i o n  of  gas, k 

\^at the  cen te r  of  t h e  ray .  i 
!is small. 

t h e  absorption c o e f f i c i e n t  0 

ko = when the  dens i ty  N of t he  absorbing atoms 

u is a constant.  a = emission band width/absorption band width. 

h' i s  measured. 

!'- Determination o f  a: t h e  curves i n  Figure 11-9 represent ,  

We must know a and u i n  order  t o  ob ta in  
I C 1  
L-. 
i I ! 

4 

' f o r  various values o f  a. 1 i 
i 
[ _I t 

i - 
,and w i l l  be taken t o  be equal t o  1. 

1) For low absorption, determination o f  t h e  exact value i s  n o t  necessary 

2) For high absorption, t h e  value of  a i s  determined by comparison be- 
'tween t h e  experimental measurements of A f o r  various values o f  l ( the  o the r  a 
parameters remaining constant)  and the  values of  A 'obtained under t h e  same 

conditions from r e l a t i o n s h i p  (1) . 
I I 

E In genera l ,  1 < a < 2 .  

a 
I 

- Determination o f  5: t h e  value of  t he  c o e f f i c i e n t  0 is obtained by ca l -  
cu la t ion  from t h e  r e l a t i o n s h i p  

(Mi t t che l l ,  p .  100) 

The experimenters use t h e  t h e o r e t i c a l  r e s u l t s  of  Ladenburg and Damgaard-Bates 
t o  g e t  t h e  values o f  f .  

Measurement Techn i q u e s  . 
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The absorpt ion is genera l ly  low ( i n  t h e  o rde r  o f  a few % f o r  helium). 
e o r  zero methods o r  modulation. t is  the re fo re  necessary t o  use 

1) Modulation mFthod, Phelps 195 59 (Figure 11-10). 

This 1 device i s  widely use 
I ( r  !.c ' 

I 

' /  ; I-1 i"* 

nves t iga t ion  o f  tL var i a t iod  of  
e n s i t y  o f  metastable  p a r t i c l e s ,  as a funct ion o f  time, present  i n  a pulse  

discharge.  I t  r e s u l t s  i n  t h e  b e s t  s igna l  t o  no i se  r a t i o .  

2) Zero aethod. 

Phelps (1953) measures the  l i g h t  i n t e n s i t y  with absorpt ion and then with- 
f 

"' 

[out absorpt ion.  
i t 

Smith (1963) uses  a device which permits making simultaneous measurement I * >  ; -  

' (Figure 1 1 - 2 3 ,  1 i 

i 
! 
I There is an advantage i n  using an in t ense  l i g h t  source i n  order  t o  

improve the  s igna l  t o  no i se  r a t i o ,  bu t  i t  must be remembered t h a t ,  i n  c e r t a i n  
t h e  number of  metastable  p a r t i c l e s  destroyed may become la rge .  2 cases, i 

Experimental Investigations. 

HELIUM 4 

Phelps (1953-1955) and Benton (1962). 

Wave lengths  used: 10,830-3,889 f o r  2 S 3 

1 5,016 for 2 S. 

Value o f  a :  1.5 as determined by t h e  v a r i a t i o n  o f  A as a funct ion 
a 

o f  1. 

/ 2  1 Value of  CJ obtained by ca l cu la t ion  from the  work o f  Damgaard-Bates. - 
In  t h e  experiment; performed by Benton, 1% o f  t h e  absorpt ion o f  t h e  

3,889 corresponds t o  a dens i ty  of 4.10' Z3S metastable  p a r t i c l e s  pe r  cm3 and 

1% absorpt ion of  t h e  5,016 corresponds t o  a dens i ty  of  1..4109 2lS metastable  
3 -  gart ic les  p e r  c m  , 

NEON 

Phelps (1953-19593, Dixon (1957), and Hadeishi (1962). 

Wave lengths  used: 5,945-5,882-6,143 €or 3P2 

6,266 f o r  3P0. 

19 
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Phelps uses  t h e  r e l a t i v e  absorption c o e f f i c i e n t s  .given by Short ley and 

akes a = t o  1.6 and (5 = 7. order  t o  obta in  absolute  value: 

i 
i on  o f  t he  absorpt ion length 1 

i 

5 

r k  of Ladenburg. 

Hadeishi takes  a = t o  1 and CT from the  ca l cu la t ions  by Damgaard-Bates. 

! .5 

1 . .  

1- 

' 0 i- 

L -  
i 
i 
1 ~~~~~~ ~~~~~~:~~ 

- 
MERCURY - /22 

L 

Hadeishi (1965), Zemansky (1929-27) and Pool (1929). 

Wave length used i s  5,461 f o r  3P2 and 4, 047 f o r  3P0. 

Value of a = 1. 

ARGON 

Molnar (1951) and Phelp (1953). 

2 '  
Wave length  used 8,11 5 f o r  3P 

KRYPTON 

Smith (1963). 

5 '  
Wave length  used 5,570 f o r  1s 
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~ H A P T E R  I I I .  PROPERTIES 
Page One T i t l e  

* I 1 ) Genera 1 Con: i dera t ions' 1 

1/23 

I 

exc i ted  o r  nonexcite,d), ions,  e lec t rons  o r  photons. 

t h i s  moment. - 
I 

The va r i a t ion  i n  densi ty  M, R,  S ,  T,  etc.  of t he  metastable p a r t i c l e s  : present  as  a , func t ion  of temperature may be represented by t h e  following 
: types of  re la t ionships :  
i 

i 
I j - _. ̂ _I_ . . .  _ .  

i 

being the  d e n s i t i e s  of  neutrons,  e lec t rons  and impuri t ies .  

The first term represents  d i f fus ion  due t o  e l a s t i c  c o l l i s i o n .  This 
:phenomenon is  character ized by the  d i f fus ion  coe f f i c i en t  D where Do (Do = D,/p 

'p being t h e  pressure)  o r  by the  e f f e c t i v e  d i f fus ion  cross  sect ion 

. *  1 
* 

m 

(Massey, Burhop, p .  367). 

The second term represents  des t ruc t ion  o f  t he  metastable p a r t i c l e s  by 
i n e l a s t i c  c o l l i s i o n s .  This des t ruc t ion  general ly  takes  place by: 

a) c o l l i s i o n  with an atom (2-body c o l l i s i o n )  character ized by t h e  coef f ic -  I_ /24 

i e n t  A o r  an e f f e c t i v e  cross  sec t ion  cs defined by a 

b) c o l l i s i o n s  with 2 atoms (3-body co l l i s ion )  character ized by t h e  coef f ic -  
i e n t  B 

2 

c) c o l l i s i o n s  with a metastable p a r t i c l e  ch by the  coefficienzt 

defined by a o r  the  e f f e c t i v e  cross  sec t ion  0 
C 
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I 
d) c o l l i s i o n s  with an e lec t ron  charac the  coe f f i c i en t  6 o r  

i 

1 d the  e f f e c t i v e  cross  sec t ion  CJ 

I 
c oe f f i c i en t  A o r  

, nl being t h e  i l  
e )  cos l i s i o n s  with another atom 

he e f f e c t ' v e  cross  sec t ion  CJ %SE%n 
I '  

e n s i t y  of  impur i t ies .  
E I 

Co l l i s ions  with ions are neglected (considered t h e o r e t i c a l l y  by All ison) .  

Therefore, Q, w i l l  general ly  be i n  the  form I 

i 

I t -  2M 

I 

The t h i r d  term Q ' represents t he  formation of  the  metastable species  
I-- 
t -- 

jof type M through i n e l a s t i c  c o l l i s i o n .  Generally, t h i s  formation takes place: 
.'s ; .  1 

a) by c o l l i s i o n  with an e lec t ron ,  character ized by t h e  coe f f i c i en t  B '  . 
t- 
i b) by c o l l i s i o n  o f  an exci ted o r  metastable atom with another atom, 
' cha rac t e r i zed  by t h e  coe f f i c i en t  A ' .  

f 

> 

Therefore,  Q, w i l l  general ly  be o f  the  form 

- ,  N being t h e  dens i ty  of atoms i n  an exc i ted  s t a t e .  

The p r inc ip l e  of t h e  method cons is t s  i n  experimentally measuring the  
funct ion M(t], R(t) ,  SCt), e tc . ,  under spec ia l  experimental conditions which 
permit t he  s impl i f i ca t ions  required f o r  solving equation! 

at i  a i  a s ,  
E $-t ' F x  

etc.  Comparison of  t he  funct ions obtained, M(t), R( t ) ,  e t c . ,  with those 
measured permits determining t h e  coe f f i c i en t  A, B, a ,  e t c .  

A Measurent o f  Products o f  Reactions F o r r n e d m s s  ing  a T3&% of Metastab- 

37 



Fi gure 11-8 (Dixon) Figure 11-9 

Figure 11-10 (Apparatus Used by Phelps) 
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r ' measuring current 4 

1 

i 

Figure  1 1 - 1 1  (Apparatus Used by Smith) 
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Given a beam of  metastable p a r t i c l e s  of f l u x  I t r ave l ing  over a length 0 
The number o f , p a r t i c l e s  I i  formed by a given 1 i n  a medium of dens i ty  n.  

. reac t ion  w i l l  beOgiven by t h e  r e l a t ionsh ip  , CT being 

t h e  effective cross  sec t ion  charac te r iz ing  the  given reac t ion .  Measurement 
j 

o f  I Io, n ,  and 1 permit determination of t h i s  e f f e c t i v e  cross  sec t ion .  
j' 

Remarks--the beam may be formed of  metastable p a r t i c l e s  of d i f f e r e n t  
types (general ly  two). 

an average e f f e c t i v e  cross sec t ion  0 
p a r t i c l e s  - - C$, Z d l  t- qzT&-  

s t a b l e  p a r t i c l e s  of types 1 and 2 and CT CT t he  e f f e c t i v e  cross  s e  

for  process j of metastable p a r t i c l e s  of types 1 and 2 .  In the  case 
of heated metastable p a r t i c l e s ,  i t  may be necessary t o  t a k e . i n t o  acco 
ve loc i ty  o f  t he  t a r g e t  p a r t i c l e s  (c f .  Chapter 11-b). 

HEL I UM - /26 

The e f f e c t i v e  cross sec t ion  defined above w i l l  then be 

i n  the  case of  two types o f  metastable 

' :- 2 0 %  p:b2 
j -  

~ % a  f&& . -.- 

- - - . _  
ing the  f l u x  of  t h e  meta- "'b: - 

z j '  j 2  

E>P=We @w/?L &?PS v/e* 

a) 2 body c o l l i s i o n .  Hem + He -+ He the  molecule which i s  formed has a 2 
r a t h e r  long l ifetime. The 2 body c o l l i s i o n  has been s tudied  by Nikerson (1935) 

b) 3 body c o l l i s i o n .  Hem + 2He i- He2 + He the  3 body c o l l i s i o n  has been 

s tudied  by Meyerott (1949) and Phelps (1955) (Figure 111-1). 
+ 

c) Col l i s ions  between metastable p a r t i c l e s .  Hem + Hem -?- He + He + e. 

1 3 d) Col l i s ion  with an e lec t ron .  He2 S + . e  -+ He2 S c e. The heat ing of  
e l ec t rons  by these  reac t ions  has been s tudied  by Imgraham (1963). 

+ 
e)  Col l i s ion  with an e lec t ron .  

f )  Col l i s ion  with an atom. 

Hem + e -+ He + 2e. 

Hem + X -t X+ + He + e .  ' This reac t ion  which 
is  ca l l ed  t h e  "Penning ion iza t ionf f  takes place i f  t h e  ion iza t ion  po ten t i a l  o f  
X i s  lower than the  i n t e r n a l  energy of the  heated metastable p a r t i c l e s  

Hem (s tudied by Ferguson 1962). 
1s &;3.f SUiF n y / e  5 

~ o l l i ~ i o r ~ s  Investiged,Whtch Lead t o  the Formation of Metastable P a r t i c l e q  

1 3 a) Electron c o l l i s i o n .  He2 S + e -+ He2 S + e. 

Biondi (1951-52) s tud ie s  the  va r i a t ion  i n  densi ty  of a mixture o f  2 S and 1 
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3 2 S metastable p a r t i c l e s  .in a pulse  discharge i n  pure.hel%um and i n  the  presence 
of impur i t ies .  

- Pure H e l i u m r  Biondi assumes the r e l a t ionsh ip  

, t he  d i f fus ion  length 

When mul t ip l ied  by 

1/T gives the  r e l a t ionsh ip  . Invest igat ion o f  the  va r i a t ion  m 
and A, and therefore  of  ~ 7 ~ .  

Measurement of  1 /T  and 0.f Mo f o r  a given pressure p. Biondi assumes t h a t  /27 
, -  m 

the  e l ec t ron  dens i ty  n i n  pure helium is  governed only by the  react ion (c) 

e value o f  M(t) 

The densi ty  n ( t )  i s  measured experimentally by means o f  micro-waves (Fig- 
ure  111-2). 
equation n ( t ) ,  the  metastable p a r t i c l e s  having been destroyed. The d i f fe rence  
an obtained between t h e  measured value and the  extrapolated value o f  t he  r i g h t  
s ide  represents  t h e  second term of the  equation. 
l i n e  gives t h e  value of Tm and the  ordinate  f o r  t he  zero value o f  t gives t h a t  

o f  B ,  therefore  the  value o f  Mo. By Subs t i tu t ing  f o r  cr t he  value Phelps used, 

1 0 - l ~  cm2, Mo = 5*1010 p/cm 

va r i a t ion  of p/T 

%e s t r a i g h t  port.ion a t  T , represents  the  first term o f  the  

The s lope of t h i s  s t r a i g h t  

C 3 

as a function of p 
( a t  a pressure o f  helium of 2.5 mm Hg). The 

2 (Figure 111-3)' gives t h e  values of Dm and 
2 m 

(Dmp = D ) di f fus ion:  Do = 520 5 20 cm /sec.  (mm Hg), 2 body c o l l i s i o n :  
O a  -2P 2 
~7 = 9.6'10 c m  . a 

Presence of impur i t ies  (Ar and Hg). Biondi assumes the  r e l a t ionsh ip  

therefore  by mult iplying the  pressure p,  inves t iga t ion  

o f  t he  va r i a t ion  o f  p/T as  a function p gives the  value o f  A + A1, and 

s ince  A has been previously determined, t he  value of A1 is  therefore  of ,  
m 
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Measurement of  1 /T  f o r  a given pressure p .  Biondi assumes t h a t  i n  the  m 
presence of impur i t i e s  i n  s u f f i c i e n t  quan t i ty  (0.1 

dens i ty  n i s  governed by t h e  r eac t ion  f .  Therefore 
$ 

T and B '  a r e  determined as previously.  Mo = 2.5-1010 p/cm3 a t  a pressure  o f  m _ d  

- 
Of - -helium o f  2 mm Hg; c o l l i s i o n  with impur i t ies ;  (I = 9.7.10-" f o r  argon; f -14 

= 1 .4 -  10 f o r  mercury. 

HELIUM (Continued) 

Phelps (1953-1955) inves t iga t ed  t h e  v a r i a t i o n  o f  dens i ty  o f  metastable 
3 1 states 2 S and 2 S sepa ra t e ly  i n  a pulse  discharge i n  pure helium and i n  t h e  

presence o f  impur i t i e s .  

Pure helium and low dens i ty  o f  metastable.  p a r t i c l e s ;  Phelps assumes t h e  
s e t  o f  equations : 

-. . . -I 

S i s  the  dens i ty  of .2  1 S helium 

T i s  the  dens i ty  of 2 2 S helium. 

32 = D~ PJ - A ~ S  + p n , s  
at i 

2T: o ~ D ~ T  - P ~ V +  pries 
a i  

He assumes a fundamental mode of d i f fus ion  and t h a t  t h e  e l e c t r o n  dens i ty  
remains constant over time and space during t h e  time necessary f o r  t h e  destruc- 
t i o n  o f  a s i n g l e t .  
s ince  t h e  l i f e t i m e  o f  t h e  s i n g l e t  i s  less than t h a t  of  t h e  t r i p l e t .  With these  
hypothesis,  t h e  set  o f  equations becomes: 

This las t  hypothesis has been v e r i f i e d  experimentally,  

. .  . .  

Measurements o f  t h e  absorption of  t h e  spectrum l i n e  permit ob ta in ing  the  
values S ( t )  and T( t )  (Figure 111-4). The comparison of  t hese  r e s u l t s  with t h e  
functions S(t) and T( t )  give the  values of  y and y f o r  a given pressure  p 

and e l e c t r o n  dens i ty  n . Curve y (n ) 

(Figure 111-5) gives t h e  value o f  p and the re fo re  o f  oC1. 

S r 
as a func t ion  o f  e l e c t r o n  dens i ty  ne e S e  

Curves y,(p) and 

,-. 27 



y (p) as a funct ion of  pressure  p (Figure 111-6) gives  the  values o f  t he  coef- 

f i c i e n t s  DS, DT, A and B. 
T 

2 

2 

-1 -1 

DS = 440 k 50 cm / s ec .  ( f o r  1 mm Hg) 

DT = 470 rt 25 cm /sec .  ( f o r  1 mm Hg) 

1‘  c o e f f i c i e n t  ;f d i f fus ion  He2 S 

HeZ3S 

3 body c o l l i s o n  HeZ3S BT = 0.21  s e c  mm 

2 body c o l l i s i o n  He2’S c r , ( S )  = 3. lo-’’ cm2 

2 body c o l l i s i o n  HeZ3S CT (T) = lo-’’ cm . 

e lec t ron  col  l i s  ion cs = 3-10 e m  

(He2 S + e + He2 S + e) 
( the  value cr,(T) measured by Phelps i n  1953 j u s t i f i e s  suppression o f  t he  

2 

-14 2 a 

a .  1 3 

2 body c o l l i s i o n  term i n  the  r e l a t ionsh ip  dea l ing  with the  t r i p l e t ) .  - 
ure  Helium and High Dens’ty of  Metastable P a r t i c l e s . ,  -e . I., -4 -+f&- 

Phelps assumes t h s t  under c e r t a i n  condi t ions,  which he does not  spec i fy ,  
c o l l i s i o n s  be tween met as  t ab1 e p 

re1 at  ionship o r  . Measurement of t h e  dens i ty  

a leading r o l e .  He assumes the  

o f  metastable p a r t i c l e s  by means o f  absorption o f  a spectrum l i n e  gives the  
values o f  M(t) (Figure 111-7) while the  s lope  of t he  l i n e a r  por t ion  gives the  
value o f  CT : e 

-14 2 c o l l i s i o n  between metastables CT = 10 cm . e 

Presence o f  impur i t ies :  Phelps (1953) po in t s  out  t he  inf luence o f  the  
He assigns the  value of CT presence o f  argon. 

o f  measurement. 

but  does not  spec i fy  the  method f 
[ O f  = 3.10-17 cm2 fo r  A r . ]  

Benton (1962) measures the  e f f e c t i v e  cross  sec t ions  o f  des t ruc t ion  o f  the  
The r e l a t ionsh ips  s i n g l e t s  and t r i p l e t s  by impur i t ies  Ar, K r ,  Xe, N 2 ,  H e ,  N e .  

are : 

by neglec t ing  the  terms fin’s 
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f by 
Benton measures c o e f f i c i e n t s  D B, and e f f e c t i v e  c ross  sec t ion  0 

T’ 
comparing the  s lopes  of  t h e  l i n e a r  por t ions  o f  curves Mlt) which a r e  obtained 
experimentally (Eiguye 111-8) by absorption of  t h e  spectrum l i n e  i n  pure 
helium and i n  helium containing impur i t ies .  
any d e t a i l s  about h i s  measurement methods. 
whether t h e  c o e f f i c i e n t  B was measured o r  was assumed. 

. 

Unfortunately, he does not give 
S p e c i f i c a l l y ,  he does not mention /30 - 

d i f f u s i o n  o f  t h e  t r i p l e t  DT = 560 k 50 cm 2 / see  (a t  1 mm Hg) 

3 -1 -2 

He ,  Ne ( c f .  Table V - 2 ) .  

3 body c o l l i s i o n  (2 S) BT = 0.31 k 0.03 sec .  

value of CI A r ,  K r ,  Xe, N 
mm 

f 2’ 

E f fec t ive  Cross Sections crc (cm 2 ) fo r  t h e  Reaction Hem + X + He + X + + e 

29 



/3: 
_I 

HELIUM (CONT.) 

Muschlitz (1962-1963) measures t h e  e f f e c t i v e  cross  sec t ions  of f o r  t he  
m + 

r eac t ions  He 
passing through A r ,  Kr, Xe, H20 

cross sec t ion  0 i s  def ined by f 
G$,P&, zoo,  deal ing  respec t ive ly  w i t  and t r i p l e t  2 S. 

t he  beam is  derived from a gas t h a t  i s  exc i ted  by e l ec t rons ,  the r a t i o  

depends on the  gas pressure  and the  energy of  t h e  e l ec t rons .  

+ 'x +'He + X produced bk a beam o f  heated metastable p a r t i c l e s  

x'/ -t u ~ ~ ~ ~ . z .  , 
The average e f f e c t i v e  2H6 * 

and g' 
3 $= - 

The beam of  
---metastable p a r t i c l e s  is measured by secondary e lec t ron  emission: 

t h  

Like Stebbing, Muschlitz assumes t h a t  

I 

as funct ion of R gives the  values CJ and of3. f l  value of  

F i t e  (1963) measures t h e  e f f e c t i v e  cross sec t ion  (T f o r  the reac t ion  Hem + 

The beam of metastable p a r t i c l e s  obtained by d i f fus ion  from an 
e + 

+ e -t He +' 2e. 

HF source i s  formed o f  a mixture o f  2 S and 2 S. I t  is  bombarded a t  t he  r i g h t  
angles by a beam of  e l ec t rons  w i t h  a va r i ab le  energy (10 t o  24 eV). 
formed a r e  separated from the  beam of  n e u t r a l  p a r t i c l e s  by a magnetic f i e l d  
and measured a t  a t a r g e t .  

e l ec t ron  emission. 

13 e V ,  ( the  maximum ion iza t ion  e f f e c t i v e  c ross  sec t ion  of  helium i n  the  funda- 

mental s t a t e  i s  o = 0.35'10 

1 3 

The ions 

The metastable p a r t i c l e s  are measured by secondary 

The- maximum value i s  o = 2.8*10-16 cm2 f o r  e lec t rons  of  e 

cm2 f o r  e l ec t rons  from i30 t o  115 eV). 1-6 
i 

Stebbing (1957) and Hasted (1959) measure the  t o t a l  e f f e c t i v e  cross  sec-  
t i o n  o f  t he  absorpt ion o f  a beam o f  heated metastable  p a r t i c l e s  passing 
through various gases.  The d i f fus ion  c o e f f i c i e n t  f o r  t h i s  e f f e c t i v e  cross  
sec t ion  is  c a l l e d  D m' 

The beam o f  f l u x  Io t r a v e l s  length Z i n  a medium of  dens i ty  n .  The re -  _c /32 

maining f l u x  I 

emission. 

impinges on a t a r g e t  where i t  i s  measured by secondary e lec t ron  1 
The e f f e c t i v e  c ross  sec t ion  ot is  given by the  r e l a t ionsh ip  
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, p being t h e  pressure.  su re  - 

on t h e  angle of 
apparatus.  Willmore, i n  a p r i v a t e  communication, i nd ica t e s  t h a t  i n  the  case 
of  helium, an angle o f  reso lu t ion  of  1' produces an e r r o r  l e s s  an 6%. 

The inf luence o f  t h e  photons present  i n  t h e  beam of metastable p a r t i c l e s  
is  evaluated by in te rpos ing  a collodion f i l m  (Stebbing) o r  by modulation 
(Hasted). 

Stebbing and Hasted be l ieve  t h a t  t he  beam used i s  formed only by t r i p l e t  
3 2 s. 

Ne . Ar Kr A n g l e  of 
. Resolution He-16 2 10 cm 

He23S 

S t e b b  i n g s  1-49 119 211 . 41 8 2 O  

Hasted ( 1 )  145 127 200 - 0 . 1  a t  1 " .  

. Hasted (2) 109 116 188 Values corrected 
i n  1964 

(2) Hasted (1964) co r rec t ed 'h i s  values i n  order  t o  take i n t o  account t he  
r e l a t i v e  v e l o c i t i e s  o f  t h e  inc ident  p a r t i c l e s  and t h e  p a r t i c l e s  s t r i k i n g  the  
t a r g e t s  and t o  obtain a b e t t e r  es t imate  of  t he  dens i ty  o f  t he  gas. 

. Muschlitz (1962-1964) measures the  t o t a l  e f f e c t i v e  cross sec t ions  of 
absorption of  a beam of metastable p a r t i c l e s  t ravers ing  var ious gases as a 
funct ion o f  t he  angle of reso lu t ion .  

The beam i s  formed of s i n g l e t  I,, and t r i p l e t  In7. The e f f e c t i v e  cross  - /33 
tr- 

sec t ions  a r e  defined by equations 

The flux of  metastable p a r t i c l e s  is measured by secondary e l ec t ron  emission. 
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Measurement o f  as a funct ion o f  pressure  p,  f o r  a given value of R, 

gives t h e  value of  
* 1  

The values of  m/e as a funct ion o f  1/1 + R gives  5 f o r  1/1 + R = 0 and otl t 3  
. f o r  1/1 + R = 1. 

Since ,the t a r g e t  p a r t i c l e s  do not  a l l  have the  same speed and s ince  these  
speeds are no t  neg l ig ib l e  compared t o  those of  t h e  metastable  p a r t i c l e s ,  t he  
t o t a l  absorpt ion e f f e c t i v e  cross  sec t ion  is  an average value Q t h a t  i s  r e l a t e d  
t o  t h e  e f f e c t i v e  c ross  sec t ion  CT by a c o e f f i c i e n t  which depends on the  masses 
and the  v e l o c i t i e s  o f  t he  p a r t i c l e s .  

Cp = 0.766 5 f o r  helium. Cp = 0.916 5 f o r  neon. 

-16 2 H e l i u m  300" K Neon 300" K Argon 10 .cm 
3.10-16 cm2 3.10-16 cm2 A n g l e  o f  Resojution 

/ 34 
_I 

The t o t a l  absorpt ion e f f e c t i v e  cross  sec t ion  represents  t he  e f f e c t i v e  
c ross  sec t ion  of  e las t ic  c o l l i s i o n ,  s ince  t h e  l o s s  o f  p a r t i c l e s  by i n e l a s t i c  
c o l l i s i o n  i s  genera l ly  neg l ig ib l e  ( the e f f e c t i v e  c ross  sec t ions  f o r  t he  i n -  

e las t ic  process v a r i e s  from 10 cm2 t o  cm'). Only reac t ions  o f  t he  

type .Hern + He -+ H e  + He (exchange o f  exc i t a t ion )  and c e r t a i n  ion iza t ion  r e -  

ac t ions  (He + X:-+ He + X + e )  have e f f e c t i v e  cross  sec t ions  c lose  t o  10 

(7-10-16 f o r  t he  first one evaluated by Muschlitz, and 6 t o  7*10-6 f o r  t he  
second i n  the  case o f  argon). However, measurement o f  t h e  ions formed permits 
tak ing  i n t o  account t he  l o s s  o f  metastable p a r t i c l e s  through t h i s  reac t ion .  

-20 

m 
m + -15 
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NEON - /35 

5 Metastable p a r t i c l e s  3P2, 3P0 m 

0 1  

The presence of  four  very c lose  l eve l s  3P2, 3P1, 3P0, lP1 o f  t h e  con- 

f igu ra t ion  1s 2 s  2p 3s makes the  inves t iga t ion  of  c o l l i s i o n s  of  metastable 
p a r t i c l e s  with neon more complex than t h a t  with helium, s ince  each of  these  
states can c o l l i d e  w i t h  an atom o r  an e l ec t ron  and generate th ree  o the r s .  
Therefore, t he re  a r e  twelve poss ib le  reac t ions  represented by coe f f i c i en t s  
A, B ,  C,  D, E, F, G and aA, bB, cC, eE, f F ,  gG, but  some o f  them a re  no t  
important.  

2 2 5  

Exper i men t a  1 Invest i g a t  ion 
I 

I) Col l i s ions  inves t iga t ed  involving the  des t ruc t ion  o f  metastable par-  

0'  t i c l e s  3P2 amd 3P 

a) 2 body c o l l i s i o n :  the  metastable spec ies  3P may generate an exc i ted  0 
s t a t e  o r  a metastable spec ies  3P -t 3P1 0 

3P0 +- 3P2 

b) 3 body c o l l i s i o n  

c) c o l l i s i o n  with an e l ec t ron  3P 

d) with another atom, Nem + X + Ne + X 

+ e -+ 3P1 + - e  0 
+ 

+ e i f  t he  ion iza t ion  energy of  

X i s  l e s s  than the  i n t e r n a l  energy o f  Nem. 

2) Col l i s ions  inves t iga t ed  involving the  formation of  metastable species  
3P2. 

2 

2. 

a) 2 body c o l l i s i o n :  

b) c o l l i s i o n  with an e l ec t ron  

3P1 -t 3P 

3P0 -t 3P 
3P1 + e -t 3P + e 2 

/ 36 Zemansky (1929),  Biondi (1951-S2),  and Phelps (1953) inves t iga ted  the  - 
c o l l i s i o n s  of a mixture o f  3P and 3P of neon i n  a pulse  discharge without 

tak ing  i n t o  account t h e  p a r t i c u l a r  reac t ions  produced by the  four  very 
2 0 
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I I -, - ^ I  

adjacent  l e v e l s .  - Their  method "of measurement is  i d e n t i c  
them f o r  helium. Zamansky and Biondi used the  equation 

. (F igure  111-9) and Phelps the  equation 
i * .  -20 2 

-14 2 
Resul ts :  (T = 8.9010 cm a 

cm (Argon) 

1 
1 a t  77" K 

2 -1 Do = 60 e m  sec = 2.6.10 sec-' 1 . Do = 150 cm 
-1 -1 A = O  

-2 A = 50 s e c  mm 1 a t  300°-K 
B = O  1 B = 5.10 sec- l  mm2 1 

Dixon (1957) inves t iga t ed  the  c o l l i s i o n s  o f  metastable p a r t i c l e s  3P2 and 

3P i n  a pulse  discharge i n  pure neon and i n  a mixture of neon and helium. 0 

3P0 as a funct ion o f  time i s  measured by the  absorption o f  a spectrum l i n e  o f  

I igGt.  
4. 

This  measurement determines t h e  value o f .  t f o r  a given pressure .  The * 
var i a t ion  of  l/t as  a funct ion of p permits obtaining D and A (Figure 111-10). 0 

2 Pure neon: 3P0 {Do = 170 cm sec-' 2 10 (o = 42.7*10-16 cm2) 

(T = 10.4*10-20 cm2 

3P2 (Do = 170 cm s e c  510 (o = 42.7.10 c m  ) .  -16 2 a ( 2  body c o l l i s i o n  
2 -1 

Mixture o f  neon and helium. Dixon assumes t h a t  t h e  equations used i n  
the  case o f  pure neon a r e  a l so  v a l i d  here.  

2 -1 s e c  3P0 {Do = 310 k 20 c m  t 20 (a = 40.5°10-16 cm2) 

( 2  body c o l l i s i o n  

3P {Do'= 310 t 20 cm sec-' t 20 (o = 40.5.10 cm ) 

= 6.1*10-20 cm2 
a -16 2 2 

-2 
- 

Phelps (1959) takes  up Dixon's measurements. H e  assumes t h a t  t he  meta- 
s t a b l e  p a r t i c l e s  a r e  destroyed by 2 and 3 body c o l l i s i o n s  and t h a t  some of t hese  
r eac t ions  produce metastable p a r t i c l e s  and exc i ted  s t a t e s  which may i n  turn  
produce r eac t ions .  

between metastable  p a r t i c l e s  and e l ec t rons ,  he obta ins  the  following set of 
By assuming a fundamental mode of  d i f fus ion  and by neglect ing c o l l i s i o n s  

~ 
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M, R, S, and T are the  d e n s i t i e s  o f  states 3P2, 3P1, 3P0, lP1. a ,  b, c, 
e ,  f ,  g, A, B, C, E ,  F,  G a r e  coe f f i c i en t s  t h a t  charac te r ize  the  twelve reac-  
t i o n s  among the  four  states.  

a t ion  of  entrapped resonance. a, b, c, e, f ,  and g are known (Schultz-Short- 
ley) ' A, B, C, E,  F, and G are unknown 

and must be measured. 

yIR i s  the  a t t enua t ion  constant  f o r  t he  r ad i -  
- . L  

Y I R  has been ca l cu la t ed  by Holstein.  

0 ;  Inves t iga t ion  o f  metastable spec ies  3P 

Experimental ~ i nves t iga t ion  f o r  small values o f  time (F  

Lhe values o f  c o e f f i c i e n t s  a-g permit n e g l e c t i  

2 B y  neglec t ing  t h e  term B n , we obta in :  s o  

e s  the  value of  y and the  /38 
_I S 

S v a r i a t i o n  o f  r e s u l t s  i n  values f o r  D 

and (B  + E + gb): 

-1 -15 2 = 5.8.;018 cm-l s e c  B + E + gb = 8-10 cm DS 

e values of time t and values of  
erm B-T/gS, and neglec t ing  <he term 

Measurement o f  

d e n s i t i e s  M(t) R(r) and S(r) permits obtaining the  value o f  r a t i o s  R/S and H/S 

- - and the 'va lue  of  ys f o r  a given pressure.  The va r i a t ion  o f  

as a funct ion o f  gives the  values of  B and E ,  consequently 

of (r. 

3 -20 cm2 2 body c o l l i s i o n  3P0 + 3P1(B = 5 . 1 0 - l ~  cm /set) aa = 6-10 
-15 3 2 

a 3P0 -f 3P2(E = 5.10 cm /sec)  (r = 6.10-20 cm 

2 '  Inves t iga t ion  o f  metastable spec ies  3P 

/bM and T/en are neglected.  

i s  determined by absorption yM 

35 



funct ion of  I 

For low dens i ty ,  t h e  va r i a t ion  of I 

- e su l t s  

For high densi ty;  the  va r i a t ion  of 

as a funct ion o f  gives t 

as a 

3 -19 2 2 body c o l l i s i o n :  3P1 -+ 3P2 (A = 4:1.10-14 cm /sec)  0 = 5.2-10 

3 body c o l l i s i o n ?  BM = 0.5  s e e  mm (300'K) 

cm . - /3' a 
I -1 

Electronic Collisions 

To t h e  r e l a t ionsh ips  must be added terms o f  the  form 

being t h e  e l ec t ron  dens i ty .  

By using Dixon's r e s u l t s  obtained with a pu l se  discharge (30 mA) and by 
+ e -+ 3P2 + e and 3P0 + e -+ 3P1 + e ,  while 1 considering only the  reac t ion  3P 

neglec t ing  t h e  o the r s ,  Phelps evaluates  the  e f f e c t i v e  c ross  sec t ion  0 : a 

a = cm2 f o r  3P1 -+ 3P2 ( fo r  heated e lec t rons)  
cm2 f o r  3p0 -+ 3p1 

(J 

- 19 
0 = 10 a 

Hasted (1959), proceeding exac t ly  as f o r  helium, measured t h e  t o t a l  
absorption e f f e c t i v e  cross  sec t ion  of a beam o f  metastable neon t ravers ing  
var ious gases : helium, neon , and argon 

* Corrected values  which take i n t o  account v e l o c i t i e s  o f  t a r g e t  and 
inc ident  p a r t i c l e s  and a re  a bare es t imate  o f ' t h e  gas densi ty .  

Muschlitz (1963), proceeding exac t ly  as f o r  helium, measures the  e f f e c t i v e  _I /40 

c ross  sec t ions  €or t h e  reac t ion  Nem + X -f Ne + X+,' the t a r g e t  being CH4 f o r  

'ZH6 

36 



Mix tu re  o f  H e l i u m  and  Neon 

When a metastable p a r t i c l e  with a thermal energy Om meets an atom X, 
+ m + 0 + e takes p lace  if t h e  exc i t a t ion  energy o f  0 reac t ion  Om + X + X 

g r e a t e r  than t h e  ion iza t ion  energy o f  X . 
f o r  a discharge i n  a mixture o f  helium and neon. (Ne = 21.56 e V ,  He = 24.58 

eV, Hem = 20.55 eV, Nem = 16.62 eV). 

p a r t i c l e s  He i n  neon were s tudied  by Suzuki (1964) and P a r i s e r  (1965) i n  
connection with the  operat ion of  neon-helium gas l a s e r s .  

i s  
+ Reactions of t h i s  type can no t  occur 

+ -I- 

A des t ruc t ion  mechanism of  metastable 
m 

1 The metastable p a r t i c l e s  2 S and 

2 S present  i n  a neon-helium discharge 
permit t he  passage, by means of i n -  
e l a s t i c  c o l l i s i o n ,  o f  atoms of  neon i n  

t h e  exc i t ed  s t a t e s  2 S and 2 S which 
destroy themselves while emi t t ing  

spectrum l i n e s  6,328 A u n i t s  and 1.1523 
F t .  

3 

3 1 

0 

Since the  l i f e t i m e  o f  t h e  meta- 
3 s t a b l e  p a r t i c l e  2 S is  longer than t h a t  

o f  2 S ,  t he  i n t e n s i t y  of spectrum l i n e  
1.1523 is  g r e a t e r  than t h a t  o f  the  

6,328 A l i n e .  

1 

0 

/41 Argon, metable spec ies  3P2. - 
Phelps (1953) s tud ied  the  c o l l i s i o n s  experienced by the  metastable spec ies  

1 y 3P present  i n  a pu l se  discharge i n  argon i n  the  presence o f  2 
he case o f  helium i n  pure argon. He  used an equation 

Measurement o f  t h e  dens i ty  M ( r )  f o r  absorption of  a 
gave the  value o f  t he  coe f f i c i en t s :  

0 
2 -1 -1 -1. -1 -2 D = 54 cm sec A = 40 sec  mm B = 9 sec mm ( a t  300°K) 

5t 37 



(The values a t  77' K are not  reproducible).  In the  presence of  impuri t ies  
(Hg, Kr, H2) ,  Phelps gives the  e f f e c t i v e  cross  sec t ions  of  the  des t ruc t ion  o f  

t h e  metastable spec ies  3P2 without giving d e t a i l s  of t h e  method used. 
I 

* 2  = 3*10-15 c m  (Hg) 

= cm2 (Kr) 

Of = 3 . 1 0 - l ~  cm ( ~ ~ 1 ,  

Muschlitz (1963), using an iden t i ca l  method as t h a t  f o r  measuring helium, 

Of 

Of 2 

obtained t h e  e f f e c t i v e  cross  sec t ions  f o r  t he  reac t ions  

A r m  + C2H6 -t A r  + X' 

C2H; Formed ions 

.(1o-'6 cm2) 90 100 

- / 4  09 Mercury; *;metastable species 3P 

Webb (1924-1929) and Cou l l i e t t e  (1928) s tud ied  the  d i f fus ion  of  metastable 
produced by e lec t ron  bombardment o f  mercury vapor. 

Zemansky (1927-1929) and Samson (1932) showed t h a t  t h i s  metastable species  
could be produced under o the r  condi t ions,  Thus, t h e  mercury vapor o r  b e t t e r  * 

yet  t h e  mixture (Hg-N ) i r r a d i a t e d  by spectrum l i n e  2,537 continues t o  emit 

t h i s  l i n e  a f t e r  the  exc i t a t ion  i s  eliminated. 
was due t o  the  presence o f  the  metastable state 3P0(4.66eV) which, by means o f  
c o l l i s i o n ,  c rea tes  3PL(4.86eV) i n  t h e  exc i ted  s t a t e ,  emit t ing the  2,537 A l i n e .  

2 
They assumed t h a t  t h i s  phenomenon 

0 

The d e n s i t i e s  o f  exc i ted  states 3P and 3P0 may be represented by equations 1 
o f  t h e  same type as those used by Phelps i n  1959 for neon. 

Zemansky and Samson assumed t h a t  the most important i n e l a s t i c  c o l l i s i o n s  
a r e  those which involve 2 bodies as  follows: 

3p1 3P f neu t ra l  p a r t i c l e  (Hg o r  N2) .-+ 0 
3P + neu t ra l  p a r t i c l e  0 4 1so 
3P + neu t ra l  p a r t i c l e  -+ 3P0 

3P1 + neu t ra l  p a r t i c l e  3 1% 
1 

based on t h i s  hypothesis,  the  equations y i e l d  t h e  functions 
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0 

M(t) and R ( t ) .  
permits  ca l cu la t ion  o f  t h e  values  o f  e f f e c t i v e  c ross  sec t ion  f o r  d i f fus ion  
and f o r  2 body c o l l i s i o n s .  

Measurement o f  t h e  decrease i n  i n t e n s i t y  .of t he  2,537 A l i n e  

f~ (by d i f fus ion )  = 15.6*10-16 (301OK) 

= 17.7*10-16 (374OK) 

= 18.4 (486'K) 

-18 2 3P1 = 6.7.10 c m  

3P1 3P0 = 3,2-10-17 c m  

l S o  = 2.2.10 c m  

lso = 2.10 cm 

2p0 2 

3 p ~  -22 2 

~ ~ ( 2  body c o l l i s i o n )  

-18 2 

3p1 

Courbey (1951-1954) s tud ied  pure mercury vapor. Formation o f  metastable 
3P t akes  p lace  through t h e  r eac t ion  3P + 1So -+ 3P0 + 1So. 

des t ruc t ion  o f  t h e  3P  

H e  assumes t h a t  0 1 

0 takes  p lace  mainly by 3 body c o l l i s i o n  

Hgl* molecule which is destroyed 

o r  by c o l l i s i o n :  

The d e n s i t i e s  o f  s t a t e  3P0 and H * a re  given by the  equations 
' 8 2  

the  CM term corresponding t o  t h e  spontaneous des t ruc t ion  o f  t h e  Hg2* molecule. 

and 3,350, Courbey obta ins  t h e  values of  t he  c o e f f i c i e n t s  Dm, Bm, Dm, Bm. 
From t h e  measurement o f  t h e  decrease o f  emission of  spectrum l i n e s  4,850 



= 21 atoms/cc)-2 sec -1 
BM 

Biondi (1953) inves t iga t ing  the  e l ec t ron  dens i ty  i n  a pulse  discharge - /44 
.wi th in  a mixture o f  mercury and helium, i s  lead t o  consider the reac t ion  

Hgm + Hgm -t Hg' + e + Hg. 
(see -above), he obta ins  equations of the following form: 

Proceeding exac t ly  as i n  the  case o f  pure helium 

18 2 He a l so  obtained values (for a 2 body c o l l i s i o n ) :  
2 

DMane = 1.5'10 cm / 
sec (atomlcc) ,(at 350'K); C T ~  = 8,*10-17 cm . 

S Krypton, metastable spec ies  1 5. 

L i k e  neon, krypton has exc i t ed  s t a t e s  c lose  t o  those o f  metastable species  

1 5, bu t  these  l e v e l s  are s u f f i c i e n t l y  separated so 
t h a t  c o l l i s i o n s  with t h e  heated p a r t i c l e s  (e lec t rons  
o r  atoms) only participat 'e i n  a negl ig ib le  number 
of r eac t ions  going from one 

(1963 

given 

repre 
discharge.  Measurement of  the  value M(t) by absorp- 
t i o n  o f  the  spectrum l i n e  o f  l i g h t  permits determin- 
ing the  values o f  Do, A and B. 

S 

f "- " * .  _ e  

(2 body c o l l i s i o n )  

(3  body c o l l i s i o n )  

. Comparison of these  values with those o f  neon and argon shows t h a t  the  
S des t ruc t ion  of  t he  metastable p a r t i c l e  1 5 through a 3 body c o l l i s i o n  is  g rea t e r  

f o r  krypton than f o r  neon and argon. 

- /45 
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I 

1 

F i g u r e  '1 11-1 (PHELPS) F i g u r e  1 1  1-2 ( B I O B D I )  

F i g u r e  1 1  1-3 ( B I O N D I )  F i g u r e  1 1  1-4 (PHELPS) 
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Figure' I I 1-5 (PHELPS) Figure I I i -6 (PHELPS) . 

Figure f 11-7 (PHELPS) Figure I I 1-8 (BENTON) 
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Figure I 1  1-9 (BIONDI) Figure I 11-10 (DIXON) 

i 

Figure I 1 1 - 1  1 (PHELPS) 
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CONCLUSION 

The metastable atoms inves t iga ted  up t o  the  present  time may be placed 
. i n  two cat,egoriesf I 

i 
" 

1) those with a k i n e t i c  energy l e s s  than an e l ec t ron  v o l t  (thermal energy), 
2) those o f  high k i n e t i c  energy. 

Thermal Energy Metastable P a r t i c l e s  

The production methods (gas o r  beams) as well as the  de tec t ion  methods are 
known but  t he  procedures are d i f f e r e n t .  
( c o l l i s i o n s  with neu t r a l  p a r t i c l e s ,  e l ec t rons ,  and photons) bu t  t h e  magnitudes 
measured are e i t h e r :  

1) the  r e s u l t s  o f  a s i n g l e  experiment. For example, t he  measurements of  
e f f e c t i v e  cross  sec t ions  f o r  t he  reac t ions  

Some p rope r t i e s  have been s tudied  

+ 
Hem +. Hem -+ He + He 

H e S + e  & H e S + e  1 3 

Hem + e -f He+ + 2e 
2) no t  i n  agreement, t he  d i f fe rences  o f t en  exceeding the  experimental 

e r r o r s  given by, the experimenters. 
cross  sec t ions  f o r  t he  "Penning ionizat ion" reac t ions .  

Col l i s ions  o f  metastable atoms with ions have not  been s tudied .  

For example, t he  measurements of e f f e c t i v e  

Metastables W i t h  High K i n e t i c  Energy 

Only t h e  production of  a beam o f  hydrogen metastable p a r t i c l e s  (K2S) have 
been s tudied ,  probably with the  aim o f  obtaining a beam of polar ized  protons.  

Production o f  T h e s e  Metastable S p e c i e s  May Occur 

1) By e l ec t ron  bombardment o f  a beam of  fast  n e u t r a l  p a r t i c l e k ,  but  the  
dens i ty  of  such a medium i s  low and the  effect ' ive c ross  sec t ion  i s  unknown. 

2) By a "charge exchange" reac t ion .  

This method used f o r  hydrogen may be general ized.  For example, f o r  helium 
and argon, t he  r eac t ions  

2 have l a rge  e f f e c t i v e  cross  sec t ions  cm ) i n  t he  range form 20 t o  1000 eV. 

I .  . 
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I t  i s  necessary t o  know which i s  the  exc i ted  s t a t e  of  t h e  neutron formed, 
Theoret ical ly ,  t he  formation of a metastable o r  exc i ted  s t a t e  i s  the  most 
probable one. 

I t  i s  n e c e s i a r i  t o  know the  des t ruc t ion  reac t ions  of the  metastable p a r t i -  
cles formed by c o l l i s i o n s  with atoms of  C s  o r  Rb. 

T h e  Detection o f  These Metastable P a r t i c l e s  i s  a jouchy Matter 

The ac t ion  o f  an e l e c t r i c  f i e l d  i s  p r a c t i c a l l y  never v a l i d  except f o r  the  

The method using secondary e lec t ron  emission 
hydrogen metastable species  H2S and the  absorption o f  l i g h t  is  not  useable,  
s ince  t h e  d e n s i t i e s  a r e  too low. 
by impact of  metastable p a r t i c l e s  on a metal surface i s  v a l i d  i n  p r inc ip l e ,  
but  it i s  necessary t o  know the  values of the  emission coe f f i c i en t  of  the  
metastable p a r t i c l e s  and t h e  f a s t  neu t r a l  p a r t i c l e s  which a re  general ly  present  
together .  
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. 
V-1 Effective Cross Sections for Production of Metastable Particles 

Ion c o l l i s i o  

..' * 
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Detection o f  Metastable P a r t i c l e s  /49 

by e l e c t r i c  a c t  against  ement of absorp- 
f i e l d .  a metal surface.  

easurement of 
emit ted e lec t ron .  

E l e c t r i c  f i e l d  1 ., 
of 240,000 v/cm' F;-. 
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